A study was made on design of a shell-type dipole magnet with an operational field of 10T. Optimization was made for superconducting cable and magnet dimensions.
and given in Table II rcxnlu Q+ lIrff7-i ! I I the abscissa indicate the iron inner radii which correspond to the iron parameters in Table II Table II , with assumption of infinite permeability of iron, are shown in, Figure  3 . Circular, square and triangular marks stand for magnet inner diameters of 2.0, 2.25 and 2.5 inches, and the solid and dashed marks stand for radius of normalization of 1 inch and 2 cm, respectively, of harmonic coefficients.
The accelerator for Pentavac will have very high energy-injected particle beams, and the normalization radius which is applicable for determining field homogeneity affecting the particle is thought to be helow 2 cm. The solid and dashed square marks (magnet i-d. = 2.25 inches) are connected by solid and dashed lines, respectively, for ease of interpretation.
The 2 cm normalization radius for the high field magnets is thought to be as stringent as that of 1 inch for the E/S magnets and have the same physical significance.
The sextupole harmonic coefficient was chosen to have a large positive value in order to cancel that of the end windings.
The decapole coefficient was de- for the same reason. The co-efficient of 14-pole was simply adjusted as close to zero as nossible.
The effect of changes of azixruthal arc length of winding on harmonic coefficients is presented in the Appendix. In Figure  4 all arc lengths of all shells are assumed to be decreased by the s.ame value of 4 mils. If the normalization radius is taken as 2 cm, or approximately the same percentage of aperture, the change in harmonic coefficients is comparable to those of the E/S dipole magnets. Figure  5 shows standard variations of harmonic coefficients due to the random changes of all arc lengths of 4 mils. Effects of horizontal displacement of the windings are shown in Figure 6 and 7. All shells are assumed to move outward by the same amount in Figure  6 . All shells are assumed to exist outward or inward around the design positions with a random variation of 4 mils in Figure  7 . When normalized for similar percent of aperture; i.e., 2 cm, the sensitivity of harmonic coefficients is similar to those of the present E/S dipole magnets. A cross sectional view of the winding is shown in Figure  8 for the 2.25 inch i.d. magnet. Other designs4r5
for high field magnets and also presently existing magnets6 are shown for comparison of the resulting dimensions. Figure  9 shows cross sectional views of the corresponding iron yokes of each design. Figure  11 shows the compressive forces on the median plane as a function of magnet inner diameter. Triangular marks stand for total compressive force (sum of forces on the right and left halves of the winding), and circular marks stand for compressive pressure on the median plane of the inner shell.
The total compressive force of the present proposed design is slightly higher than that of the KEK model dipole magnet excited at 6.7T.
-18- Figure 13 , where the E/S dipole magnet is approximated by quadrilateral meshes. These elements, which have the property of taking into account the contact surface for regions between inner and outer shells and between shell and collar, were used.
The actual collar is not a complete ring and the upper and lower halves are connected through punched holes and by welding.
Two kinds of calculations (cases A and B) were made for the purpose of checking the validity of the approximation of the geometry. As shown in Figure  14, Since the magnetic force in the winding increases as the square of transport current, the force at the quench current in helium II is 1.7 times larger than that in helium I, and accordingly the displacement should increase in the same proportion. The critical current of NbTi increases by 30 to 40% on such magnet load lines,-with decreasing temperature of 4.2 to 1.8K.
The increase of quench current is almost the same as that of critical current and, therefore, indicates a possible positive effect of superfluid on coil stability. However, to date no dipole magnets have been fabricated and operated at 10T. The value of 3 mils was taken as the tolerable displacement at 10T in pressurized helium II for field shape reasons.
Basic collar geometries for three different,kinds of inner diameters were considered and are listed in Table IV .
Parameters are explained in the inset. A displacement solution for a magnet whose inner diameter is 2.25 inches is plotted in Figure  16 , with the condition of no preload. The original shape is indicated by dashed lines and the displacement is exaggerated by a factor of 10 for clarity. Numbers in Figure  16 show the values of displacement in units of mils (lO"inch).
The horizontal displacement of the inner edge of the collar on the median plane is 3 mils and shown as case A in Figure 14 .
The maximum azimuthal displacement is 4.5 mils and occurs in the inner shell. That value is indicated by a triangular mark in Figure  15 .
Displacementscaused by various preloads are shown in Figure  17 in terms of "relative"load, i.e., the applied preload divided by the total magnetic compressive force on the median plane at 5kA/turn.
This Figure Figure  18 for a magnet whose inner diameter is 2.25 inches.
In the lefthalf of the Figure Figure  19 . Locations where the stress is obtained are indicated by letters which are explained on the inset. If there is a high stress near a specified location, that stress is shown by the symbol with a dash. Because of the simple geometry assumed for collars, the stress at locations I and 0 in Figure 19 is not accurate.
The actual collar's stress depends on the welding, punched hole and/or key bar which is used in its assembly.
The calculated results are divided into three cases.
The first is a calculation of stress during excitation of magnets with no preload. The vertical component cy of stress along the median plane is also plotted in the same Figure. The third case in Figure  19 shows the stress which is caused by superposition of the preload and magnetic force.
The stress in location C4 is on the order of 21 to 22kpsi.
The corresponding contour lines are shown in Figure  21 for the 2.25 inch i.d. high field magnet.
The stress is highly concentrated around the corner (C4) near the outer shell. Tensile stress is dominant in almost the entire region on the vertical and median planes.
The total vertical repulsive force on the median plane is nearly equal to that in Figure  20 .
The stress dependence as a function of collar shape is shown in Figure  22 and this Figure corresponds to stress levels of Figure  20 .
In the left half of Figure  22 , the effective stress is plotted as a function of collar thickness on the median plane. Dashed and solid lines stand for central fields of zero and lOT, respectively (i.e., dashed lines correspond to the second case in Figure  19 ). Because there is no glass-epoxy in the winding, the difference in the circumference caused by cooling between collar and shell on an ideal stress-free condition would be about 2 mils (loose). Therefore, the needed preload at room temperature to result in an equivalent preload corresponding to the magnetic force at 1.8K and 10T is similar to that in the second case presented in Figure  19 , neglecting any possible creep effect in the winding. As listed in Table V, 304N  stainless steel has a 0.2% yield strength of 50kpsi at room temperature.
It therefore appears that the steel will tolerate the preload at room temperature for a properly designed collar. Another collar failure possibility is a fracture of the collar due to fatigue caused by the cyclic field excitation.
The highest stress in Figure  19 -4O-
